Tetraspanins are a superfamily of integral membrane proteins involved in the organization of microdomains that consist of both cell membrane proteins and cytoplasmic signalling molecules. These microdomains are important in regulating molecular recognition at the cell surface and subsequent signal transduction processes central to the generation of an efficient immune response. Tetraspanins, both immune-cell-specific, such as CD37, and ubiquitously expressed, such as CD81, have been shown to be important in both innate and adaptive cellular immunity. This is via their molecular interaction with important immune cell-surface molecules such as antigen-presenting MHC proteins, T-cell co-receptors CD4 and CD8, as well as cytoplasmic molecules such as Lck and PKC (protein kinase C). Moreover, the generation of tetraspanin-deficient mice has enabled the study of these proteins in immunity. A variety of tetraspanins have a role in the regulation of pattern recognition, antigen presentation and T-cell proliferation. Recent studies have also begun to elucidate roles for tetraspanins in macrophages, NK cells (natural killer cells) and granulocytes.
events result in the activation and clonal expansion of antigenspecific T-cells [2, 3] . Activated T-cells can migrate to the periphery and secrete cytokines to activate other immune cells (CD4 + T helper cells) or specifically recognize and lyse virally infected target cells (CD8 + cytotoxic T-cells). The present review focuses on a type of membrane protein, the tetraspanin, which co-ordinates immune cell molecular recognition and signal transduction. Tetraspanins are a superfamily of molecules characterized by their ability to interact with each other, as well as with partner cell-surface and cytoplasmic signalling proteins to form specialized domains known as TEMs (tetraspanin-enriched microdomains). Molecular organization by TEMs regulates signalling resulting from immune cell recognition of PAMPs, peptide antigen and co-stimulatory signals [4] .
Tetraspanins
Tetraspanins are characterized by their four highly conserved transmembrane domains [5] . These proteins display two extracellular loops that protrude only 4-5 nm from the cell surface [6] . They also have short N-and C-terminal intracellular tails [5] . The transmembrane, cytoplasmic and ectodomains can all interact with partner molecules or other tetraspanins and the accumulation of these individual molecular interactions form TEMs (see van Spriel [6a] in this issue for further details). Included in TEMs are several of the most important molecules in cellular immunity, including PRRs, co-stimulatory molecules, antigen-presenting MHC molecules and molecules associated with the TCR. These interactions are summarized in Table 1 .
The cellular expression of tetraspanins varies (Table 1) . Despite the wider cellular expression of some family members, many tetraspanins have roles in immune cells, as exemplified through studying tetraspanin-deficient mice. Table 1 The main immune system tetraspanins and their effect in cellular immunity Many tetraspanins are broadly distributed on a range of cell types, the tetraspanins below are found on immune system cells. Most of these tetraspanins have been shown to be involved in antigen presentation, T-cell signalling and innate immunity. Molecular association is indicated by an asterisk; cellular location is indicated by a dagger. AbX, antibody cross-linking; Ag. presentation, antigen presentation; co-stim, co-stimulation; CTLs, cytotoxic T-lymphocytes; TDH, tetraspanin-deficient hyperproliferative T-cells. [11, 12] Mice deficient in CD81 [7] , CD9 [8] , CD151 [9] , CD37 [10] , Tssc6 (tumour-suppressing subchromosomal transferable fragment cDNA 6) [11] and both CD37 and Tssc6 [12] have been generated. Leucocyte development was normal in these mice. However, leucocyte functions were altered, particularly in relation to pattern recognition, antigen presentation by DCs and subsequent T-cell activation. The diverse immune functions influenced by tetraspanins were due to a complex interplay of molecular interactions that regulate recognition and signal transduction. Table 1 summarizes the major molecular interactions and tetraspanin functions, the latter studied predominantly either using Ab (antibody) crosslinking or reverse genetics approaches.
Deficient model

Innate immunity
The role of tetraspanins in innate immunity has not been fully elucidated, although there is growing evidence suggesting that tetraspanins can regulate pattern recognition and subsequent signal transduction. In particular, CD37 interacts with the fungal PRR Dectin-1 and CD9 interacts with the bacterial PRR complex comprising TLR4 (Tolllike receptor 4) and CD14. Both interactions are functionally relevant, and these tetraspanins would appear to negatively regulate inflammatory cytokine production. Dectin-1 and TLR4 recognize β-glucan from fungal cell walls and LPS (lipopolysaccharide) from Gram-negative bacteria respectively. CD37 is required for stable cell-surface expression of Dectin-1 in macrophages [13] . CD9 forms a link to TLR4 via CD14, a molecule required to form part of the LPS receptor signalling complex [14] . The production of the proinflammatory cytokine IL-6 (interleukin-6) by macrophages is important for defence against Candida albicans. IL-6 production following Dectin-1 engagement is greatly increased in CD37 − / − macrophages despite the relatively poor Dectin-1 expression [13] . Coincidently, CD37
− / − mice show resistance to C. albicans infection, although whether this is due to the influence of CD37 on Dectin-1 or humoral immunity has not yet been resolved [15] . On the other hand, CD9
− / − macrophages were highly sensitive to LPS with increased inflammatory cytokine production [14] . This amplified response is due to an augmented formation of the LPS signalling complex (CD14 and TLR4) in macrophages lacking CD9 [14] . Another tetraspanin, CD63, can also interact with Dectin-1 [16] ; however, signal transduction events in relation to this association are yet to be studied.
Tetraspanins may also have other roles in the functions of other innate immune cells. For example, CD63 co-localizes with cytotoxic granules in eosinophils [17] , neutrophils [18] , basophils [19] and also CD8 + T-cells [20] . Whether CD63 is critical for granule functionality is not clear, and analysis of a new CD63-deficient mouse model will provide further insight [21] .
NK cells
NK cells act at the front line in cellular immunity, and many tetraspanins are expressed on their surface. NK cells recognize virally infected cells by the absence of MHC I and by the expression of stress markers at the cell surface, and tetraspanins may play a role in this molecular recognition. These innate immune cells lyse virally infected cells through the release of cytotoxic granules. Evidence of tetraspanin influence is found in Ab cross-linking studies of CD81 which affect the ability of NK cells to produce the anti-viral cytokine IFNγ (interferon γ ), as well as blocking the effect of the proliferative cytokine IL-2 [22] . The role of tetraspanin CD81 in HCV (hepatitis C virus) infection has long been known, as HCV envelope proteins are able to bind to CD81, facilitating cellular entry [23] . A similar inhibitory effect on NK cell function has been observed by cross-linking CD81 with the HCV envelope protein, blocking NK cell activation, cytokine production, cytotoxic granule release and proliferation [24] . Similar results have been observed for other tetraspanins, such as CD82, where cross-linking in NK cells inhibits TNFα (tumour necrosis factor α) production, and therefore activation [25] .
Cellular immunity is not simply reliant on activation of cytotoxic cells, but the ability of these cells to recognize chemokines, enact signalling pathways and migrate both to lymph nodes to be activated as well as into peripheral tissue. Kramer et al. [26] showed that cross-linking of CD81 and CD63 enhances NK cell migration to chemoattractants, including CCL5, CXCL10, CCL3, IL-15 and CCL21.
Antigen presentation
The adaptive cellular immune response is initiated by Tcell recognition of peptide antigens presented by MHC I and MHC II on the surface of specialized APCs (antigenpresenting cells), particularly DCs, in a complex called the IS (immunological synapse). Many tetraspanins interact with MHC molecules and are involved in the regulation of their function (Figure 1 ). Tetraspanins CD53, CD81 and CD82, have been shown to interact with MHC I [27] ; however, the best-characterized interaction of tetraspanins (CD9, CD81, CD82, CD63, CD53 and CD37) is with MHC II [28] [29] [30] [31] .
Antigen presentation first requires pathogen recognition and phagocytosis. Following phagocytosis, specialized endosomes, known as MIICs (MHC II-enriched compartments) form. MIICs contain MHC II and molecules for peptide loading. CD63 is present in MIICs in immature DCs in conjunction with peptide-MHC II [30, 32] . Additionally, CD82 is found in MIICs, associating with CD63, MHC II and peptide editors HLA (human leucocyte antigen)-DM and -DO [32] . These observations may point to a critical role of tetraspanins in peptide internalization, loading and export of peptide-MHC to the cell surface. Other tetraspanins, such as CD9, CD81 and CD53, associate with MHC II at the cell surface [30, 32] and CD37, CD82, CD81, CD53 and CD63 have been found in exosomes (released MIICs) from B-cells [33] . The presence of CD81 in the central region of the IS between T-cells and APCs [34] further indicates that tetraspanins play a vital role in antigen presentation as does the presence of CD82 in the IS on T-cells [35] .
Figure 1 Tetraspanins in antigen presentation and T-cell activation
An APC (top) contains MIICs, derived following phagocytosis of exogenous pathogens and containing resident tetraspanins, CD82 and CD63 [30, 32] . APC PRRs Dectin-1 (associated with tetraspanin partners CD37 [13] or CD63 [16] ) or TLR4 (associated with CD9 via CD14 [14] ) recognize their respective PAMPs. Microbial phagocytosis and antigen processing occurs and microbial antigen is loaded on to MHC II. Peptide-MHC II clusters on the cell surface with CD82, CD81, CD9 and CD63 in close association [28] [29] [30] [31] . CD151 clusters co-stimulatory (Co Stim) signals [39] . As the APC becomes activated, it secretes pro-inflammatory cytokines such as IL-6, TNFα and IFNγ . Engagement of peptide-MHC II forms an immunological synapse with a T-cell, recruiting CD81 into the central area [34] and causing clustering of the TCR complex mediated by CD82, CD81, CD37 and Tssc6 [40, 41] . CD4 and Lck are brought into close association in the TCR complex, allowing further signalling. CD53 interacts with CD2 [46] , possibly contributing to signalling. CD81 and CD151 also associate directly with PKC, and its signalling pathway [48] . PI4K, linking to the actin cytoskeleton, associates with CD81, CD151, CD9 and CD63 [48] . Also visible on the APC is MHC I, clustered by CD82, CD81 and CD53 [27] .
Tetraspanins are thought to be involved in the clustering of MHC molecules which display the same antigen, increasing the avidity of the interaction with their cognate TCR [36] . Evidence of tetraspanin facilitation of clustering has been identified in DCs where CD9 promoted the formation of MHC II multimers [37] . Moreover, Kropshofer et al. [36] demonstrated the disruption of tetraspanin microdomains, identified by the CDw78 Ab, using saponin, resulted in decreased activation of the CD4 + T-cells in vitro [36] . However, these results are controversial. First, whether saponin specifically disrupts only TEMs, leaving other cell membrane structures untouched is questionable. Secondly, Poloso et al. [38] questioned the specificity of the CDw78 Ab.
Not all tetraspanins promote MHC clustering. CD37 regulates MHC-dependent antigen presentation [39] . DCs deficient in this tetraspanin were found to be hyperstimulatory towards T-cells [39] as were those from Tssc6
and CD37
− / − Tssc6 − / − mouse models [12] . CD151 − / − DCs were also hyperstimulatory to T-cells [39] . However, here the underlying mechanism was independent of MHC. CD151 appears to regulate co-stimulatory signals provided to T-cells by DCs [39] . Clearly, CD37 and CD151 have complementary but unique roles in the regulation of antigen presentation and co-stimulatory signals to T-cells.
T-cells
Similarly to MHC clustering on APCs, T-cells create large, multi-protein complexes upon engagement with peptide-MHC (Figure 1 ). Tetraspanin involvement is suspected in the organization of this interaction. Cross-linking tetraspanins; including CD82, CD9, CD63, CD81 and CD53, with Abs has co-stimulatory effects on T-cells [40, 41] . Conversely, analyses of tetraspanin-deficient mice show a regulatory role in T-cell activation. Ex vivo T-cells deficient in CD37, CD151, CD81 and Tssc6 all showed hyperproliferation in response to stimulation, a phenotype likely to be driven by the excess production of IL-2 [7, 9, 11, 42] . Clearly tetraspanins influence the activation of T-cells, but the downstream signalling mechanisms have not been fully explored. The Src family tyrosine kinase Lck, central to T-cell activation, has been shown to be involved in the T-cell biology of two different tetraspanins; CD37 and CD81 [42, 43] . The effects of CD37 deficiency on Lck, were assayed by immunochemical analyses. The total amount of CD4-and CD8-associated Lck were normal in CD37
− / − T-cells, but the degreebreak; of Lck phosphorylation was significantly higher [42] . Further evidence for an influence of tetraspanins on Lck function came from studying the effects of cross-linking CD81 on T-cells using HCV envelope protein. The threshold for activation of both naïve and mature T-cells was significantly lowered, mostly due to bypassing the need for co-stimulatory signalling [44] . CD81-cross-linked cells showed sustained, elevated IL-2 production and increased proliferation. CD81 cross-linking may induce the recruitment of Lck resident in lipid rafts containing CD81 to the TCR complex, as it was ablated in the Jurkat T-cell line deficient in Lck, or deficient in the TCR complex [43] . Analysis by Imai et al. [45] suggests that tetraspanins play an important role in organizing two pools of the CD4 and CD8 co-receptors in T-cells. One pool interacts with the tetraspanins CD81 and CD82, and is not associated with the downstream pathway molecule Lck, and a second pool is associated with the TCR signalling complex including Lck [45] . This suggests that tetraspanins act to sequester CD4 and CD8 away from the signalling complex. With the evidence of Lck involvement with both CD37 and CD81, it is possible that Lck is the common mechanism allowing tetraspanins to act in T-cell signalling. This may be direct or via another signalling molecule. For example, CD53 has been shown through immunoprecipitation to associate with CD2, which is also involved in signalling via Lck [46] .
However, the involvement of other signalling pathways should also be considered. Both CD81 cross-linking and CD37 deficiency appear to bypass secondary signalling, namely CD28 activation [42, 44] . CD28 signalling occurs upon the engagement of CD80 and CD86 molecules on APCs. This activates PI3K (phosphoinositide 3-kinase) and PKC (protein kinase C) and the Akt (protein kinase B) signalling pathway, linking to the actin cytoskeleton [47] . PI4K (phosphoinositide 4-kinase), which has not been shown to interact with CD28, is another T-cell signalling molecule which may be controlled by tetraspanins. PKC and PI4K both associate with some tetraspanins. PKC has been shown to interact with the cytoplasmic domain of CD81 and CD151 [48] . PI4K has been found in direct association with CD9, CD63, CD81 and CD151 [48, 49] . These observations suggest that the contribution of tetraspanins is not limited to signalling through the TCR complex and Lck, but extends to the control of signalling molecules such as PI4K, PKC and PI3K. In cellular immunity, tetraspanins control multiple signalling pathways, and this provides for the ability of cells to respond to specific stimuli.
Conclusion
Tetraspanins influence and control diverse and sometimes antagonistic roles in immunity. Tetraspanin involvement has been documented in almost every aspect of cellular immunity: a complex system of pattern recognition, antigen presentation, signal transduction, cytokine production and cytotoxic granule release. In T-cells, tetraspanins appear to control, or at least be an important regulator of, signalling pathways. In the future, strategies targeting these vital and highly flexible cell-surface molecules may provide a means of manipulating and enhancing cellular immunity from initiation to an effector function.
